Introduction
============

Acute lung injury (ALI), characterized by severe alveolar damage, results from an acute inflammatory response that leads to edema, neutrophil and macrophage infiltration ([@b1-etm-0-0-4132]). Development of ALI is a common cause for admission to critical care units, with incidence in intensive care units recently reported to be 10.4% ([@b2-etm-0-0-4132]). Severe sepsis is the most common risk factor for the development of ALI ([@b2-etm-0-0-4132],[@b3-etm-0-0-4132]). Hyperoxia therapy is a useful part of treatment for patients with acute and chronic cardiovascular and pulmonary diseases ([@b4-etm-0-0-4132]). However, prolonged exposure to hyperoxia may cause additional deterioration in cases of ALI ([@b5-etm-0-0-4132]). Acute exposure to hyperoxia induces lung inflammation and injury, leading to impairment in respiratory function ([@b6-etm-0-0-4132]). Prolonged exposure to high concentrations of oxygen (\>50%) may lead to acute or chronic lung damage, which is characterized by dysfunction of alveolar epithelial cells (AEC), repressed proliferation and increased apoptosis and cell death ([@b7-etm-0-0-4132],[@b8-etm-0-0-4132]). Hyperoxic injury is mediated by accumulation of inflammatory factors and direct insult resulting from reactive oxygen species (ROS) ([@b9-etm-0-0-4132]).

Calcitonin gene-related peptide (CGRP) is a 37 amino acid neuropeptide that is mainly synthesized and distributed in the C fibers of sensory nerves in humans and mammals. It is also the predominant neuromediator to induce vasodilation and neurogenic inflammation ([@b10-etm-0-0-4132]). However, a previous study indicated that CGRP also serves a role in anti-inflammatory actions and tissue repair, as it decreases interleukin (IL)-8 secretion, suppresses the formation of ROS and induces proliferation in the epithelium ([@b11-etm-0-0-4132]). ROS are often associated with DNA damage and repair in acute lung injury ([@b12-etm-0-0-4132],[@b13-etm-0-0-4132]). Previous studies reported that a number of drugs reduce the death of lung epithelial cells by blocking DNA damage ([@b14-etm-0-0-4132]--[@b17-etm-0-0-4132]). Whether CGRP has the same effects on hyperoxia-injured AEC II is unknown. The present study was designed to evaluate the role of CGRP in a hyperoxic cell model (60% oxygen for 24 h) in AEC II isolated from fetal rats at 19--20 days old, and to investigate whether the mechanism involved DNA damage repair.

Materials and methods
=====================

### Suppliers of reagents

Reagents were obtained as follows: Trypsin, DNase I, Dulbecco\'s minimal essential medium/F12 (DMEM/F12) and fetal calf serum (FCS) were obtained from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA); bovine serum albumin (BSA), propidium iodide and collagenase I was purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany); CGRP and CGRP~8--37~ were sourced from Anaspec Inc. (Freemont, CA, USA); methylenedioxyamphetamine (MDA) and lactate dehydrogenase (LDH) kits were obtained from Jiancheng Biological Engineering Research Institute (Nanjing, China); Annexin V-fluorescein isothiocyanate (FITC) kits were from Jingmei Biotech Co. Ltd. (Shenzhen, China); TRlzol was from Tiangen Biotech Co., Ltd. (Beijing, China); goat anti-rabbit immunoglobulin (Ig) G/FITC (cat. no. sc-2012) and rabbit anti-surfactant protein (SP)-C polyclonal antibody (cat. no. sc-13979) were from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA); Alexa Fluor 488-conjugated anti-rabbit IgG antibody (cat. no. A-11008) and Hoechst 33342 were obtained from Molecular Probes (Thermo Fisher Scientific, Inc.); and rabbit polyclonal γH2AX (phospho S139) antibody (cat. no. ab2893) was from Abcam (Cambridge, UK).

### Isolation and culture of fetal rat AEC II

Fetal rat AEC II at the canalicular stage (at 19--20 days of gestation), were isolated using a previously described method ([@b17-etm-0-0-4132]). All experiments were approved by the Animal Care Committee of Kunming Medical University. Briefly, 30 pregnant Sprague-Dawley rats (Vital River Laboratories Co., Ltd., Beijing, China), with a mean weight of 264 g (range, 214--307 g) at 19--20 days of gestational were anesthetized by intraperitoneal injection of pentobarbital (200 mg/kg), and fetal rats were extracted following onset of adequate anesthesia. Fetal lungs were lysed and digested with 0.125% trypsin and 10 mg/ml DNase for 25 min at 37°C. Trypsinization was stopped with DMEM/F12 with 10% FCS and cells were centrifuged at 800 × g for 5 min. Supernatants were removed and cell pellets were resuspended and incubated in collagenase for 15 min at 37°C. The collagenase reaction was stopped by adding serum, followed by centrifugation, as above. Cell pellets were resuspended and plated into 6-well plates, which were incubated for 1 h at 37°C, for differential adherence to remove fibroblasts, as non-adherent cells were gently panned and recovered. Purified cells were plated in 6-well plates at a seeding density of 1×10^6^ and grown to 70--80% confluence over 15--18 h in DMEM/F12 supplemented with 10% FBS. Cultures were maintained at 37°C in a humidified atmosphere supplemented with 5% CO~2~ for 24 h, prior to analysis. The purity of AEC II cells was demonstrated to be \>90% by immunostaining for SP-C ([@b18-etm-0-0-4132]).

### Exposure to air or hyperoxia

AEC II cells were inoculated on cover slides in a 6-well plate and grown to 70--80% confluence. Following this, 10 µM CGRP or both CGRP and 100 µM CGRP~8--37~ (a specific CGRP receptor antagonist), in accordance with pre-test results by sequential titration, were added into medium prior to exposure to hyperoxia or air. Hyperoxia was achieved by placing plates in a modular chamber and filling the chamber with a gas mixture of 60% oxygen and 5% CO~2~ until this condition was stable with the chamber. The 'air' condition was accomplished by filling the chamber with air containing 5% CO~2.~ Following this, the hyperoxia and air chambers were sealed and put into a 37°C incubator for 24 h, with continuous monitoring on oxygen fraction of air using a Pigeon I oxygen measuring meter (Pigeon Medical Apparatus Co., Ltd., Guangzhou, China).

The experiments were performed in six groups as follows: i) Air group, cells were cultured in the 'air' conditions (as above); ii) CGRP/air group, cell medium had 10 µM CGRP added 30 min before culturing in air (as above); iii) CGRP~8--37~/air group, CGRP and 100 µM CGRP~8--37~ were added before culturing in air (as above); iv) hyperoxia group, cells were cultured in the 'hyperoxia' conditions (as above); v) CGRP/O~2~ group, 10 µM CGRP was added into the medium 30 min before hyperoxia exposure; and vi) CGRP~8--37~/O~2~ group, CGRP and CGRP~8--37~ were added into the culture medium 30 min before hyperoxia treatment.

### Immunofluorescence assay for SP-C

AEC II cells were cultured for 15--18 h and treated with CGRP and CGRP~8--37~ before exposure to air or 60% oxygen, as described above. After 24 h, the slides were removed and rinsed three times with ice-cold PBS. Cells were then fixed with methanol for 15 min at −20°C, rehydrated twice with PBS, then blocked with 1% BSA for 10 min at room temperature. After incubation overnight at 4°C with specific SP-C (1:500) and γH2AX (phospho S139; 1:200) antibodies, the slides were rinsed extensively with PBS, and incubated with a FITC-conjugated secondary antibody (1:1,000) for 1 h at 25°C in the dark. Visualization was performed using a fluorescence microscope and the images were analyzed by Image Pro-Plus 5.1 software (Media Cybernetics, Inc., Rockville, MD, USA). Hoechst 33342 was used as a nuclear counterstain for automated cell identification, and to observe nuclear morphology. This counterstain was also used to determine nuclear size and nuclear staining intensity. Plates were imaged using the Thermo Scientific ArrayScan XTI HCS Reader (Thermo Fisher Scientific, Inc.) and analyzed using the Compartmental Analysis BioApplication (Cellomics, Inc., Thermo Fisher Scientific, Inc.). Immunostaining-based parameters and nuclear staining-based parameters were determined and analyzed in the same image set for each field. For each data replicate, \>3 fields of view (a total of 500 cells) were analyzed.

### ROS measurement

Cells were stained with 5 µM cell-permeant 2′,7′-dichlorofluorescin diacetate, an oxidative stress indicator (Invitrogen; Thermo Fisher Scientific, Inc.), for 15 min at 37°C, washed in PBS, trypsinized and resuspended at 1×10^6^ cells/ml. The dichlorofluorescein signal was observed and analyzed with a FACSCalibur flow cytometer and CELLQuest software version 3.3 (BD Biosciences, Franklin Lakes, NJ, USA). Cells were pre-treated with 10 µM CGRP for 24 h, and incubated with air or 60% oxygen to examine its effects on ROS production. Cells were maintained at 37°C for 24 h and dichlorofluorescein was examined in a 5% oxygen tissue culture incubator to determine the effect of reduced ambient oxygen on ROS levels.

### Apoptosis assay and cell cycle analysis

AEC II were fixed with 70% ethanol and stored at 4°C overnight. Prior to staining, the cell suspension was centrifuged at 500 × g for 5 min, the pellet was washed with PBS and cells were incubated with propidium iodide for 30 min at 4°C in the dark. Cellular apoptosis and cell death were detected by Annexin V and PI staining with an Annexin V-FITC/PI apoptosis detection kit, as described by the manufacturer. Analysis was performed by flow cytometry and Flowjo software 7.6 (FlowJo LLC, Ashland, OR, USA) was used for acquisition and analysis.

### Western blotting

AEC II were incubated with RIPA lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) for 15 min on ice, then centrifuged at 13,000 × g for 5 min at 4°C. A total of 20 µg protein from cell lysate was separated by 12% SDS-PAGE. Wet gel system was used to transfer protein samples to a PVDF membrane. Following 5% slim milk blocking at room temperature for 1.5 h, the membrane was incubated with a primary anti-caspase 3 antibody (cat. no. sc-7148; 1:500 dilution; Santa Cruz Biotechnology, Inc.,) at 4°C overnight and subsequently incubated with a secondary antibody conjugated to horseradish peroxidase (cat. no. sc-2004; 1:2,000 dilution; Santa Cruz Biotechnology, Inc.). β-actin (cat. no. sc-47778; Santa Cruz Biotechnology, Inc.,) was used as an internal control. Protein images were observed with an electrochemiluminescence solution (Pierce; Thermo Fisher Scientific, Inc.). The experiment was repeated three times.

### DNA damage detection by examination of γH2AX immunofluorescence

ACEII cells were seeded at 2×10^5^ cells/well in black 96-well plates with clear, flat bottoms (Costar; Corning Incorporated, Corning, NY, USA). Following treatment, the cells were rinsed with PBS, fixed with 4% formaldehyde in PBS for 15 min at room temperature, and permeabilized with 0.1% Triton X-100 in PBS for 10 min. Nonspecific binding was blocked by incubating the cells with 1% BSA and 0.02% Triton X-100 in PBS for 20 min at room temperature. The cells were sequentially incubated with anti-γH2AX antibody (dilution, 1:500) for 3 h at room temperature, Alexa Fluor 488-conjugated anti-rabbit IgG antibody (1:500) at room temperature for 1 h, and Hoechst 33342 (10 µg/ml) for 10 min. The cells were washed 3 times with 0.02% Triton X-100 in PBS for 10 min each time, and were visualized using an ImageXpress Micro Confocal High-Content Imaging System (Molecular Devices, LLC, Sunnyvale, CA, USA). Acquisition and analysis of images, including the number and the total area of γH2AX foci, were measured using the MetaXpress 4.0.0.24 software (Molecular Devices, LLC). Images of stained cells were acquired from the automated fluorescence microscope platform of the ImageXpress using a 40x objective lens.

### Statistical analysis

SPSS 19.0 software (IBM SPSS, Armonk, NY, USA) was used for statistical analyses. All data are expressed as the mean ± standard deviation. Group means were compared by analysis of variance with Tukey\'s tests used for *post hoc* analyses. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### CGRP reverses the changes in AEC II that are induced by 60% oxygen

SP-C, secreted only by AEC II, is a biomarker of these cells ([@b19-etm-0-0-4132]). Therefore, AEC II were first plated on slides and the SP-C expression was detected *in situ* using immunofluorescence ([Fig. 1A](#f1-etm-0-0-4132){ref-type="fig"}). SP-C fluorescence in the cytoplasm was markedly decreased in the hyperoxia groups compared with the air group, and treatment with CGRP partially rescued hyperoxia-treated cells, though treatment with CGRP~8--37~ (the CGRP receptor antagonist) did not. The fluorescence intensity did not differ among the three groups cultured in air ([Fig. 1A](#f1-etm-0-0-4132){ref-type="fig"}). Following each treatment, SP-C fluorescence in O~2~ groups was markedly lower than that in each respective air group.

In order to evaluate the effects of 60% oxygen to AEC II cells, the levels of ROS in AEC II treated with 60% oxygen and/or CGRP were assessed using 2′,7′-dichlorofluorescein diacetate ([Fig. 1B](#f1-etm-0-0-4132){ref-type="fig"}). ROS levels were significantly increased following exposure to 60% oxygen for 24 h ([Fig. 1B](#f1-etm-0-0-4132){ref-type="fig"}). Administration of 10 µM CGRP prior to hyperoxia significantly inhibited the increase in ROS levels observed in the hyperoxia group (P\<0.05; [Fig. 1B](#f1-etm-0-0-4132){ref-type="fig"}). To verify these effects, both CGRP and CGRP~8--37~ were applied to competitively block the binding sites, demonstrating that ROS levels return hyperoxia group levels. These data indicated a protective effect of CGRP against hyperoxia insult ([Fig. 1B](#f1-etm-0-0-4132){ref-type="fig"}).

### CGRP inhibits apoptosis of AEC II that is induced by hyperoxia

A previous study revealed that 95% oxygen could induce AEC II apoptosis ([@b20-etm-0-0-4132]). To investigate the influence of moderate oxygen on AEC II apoptosis, the proportion of apoptotic cells was detected by flow cytometry. The apoptotic cell number increased in the 60% oxygen groups compared with the air control groups ([Fig. 2A and B](#f2-etm-0-0-4132){ref-type="fig"}). The role of CGRP in apoptosis was investigated, revealing that the apoptotic rate significantly decreased in the CGRP/O~2~ group compared with the control hyperoxia group (P\<0.01; [Fig. 2B](#f2-etm-0-0-4132){ref-type="fig"}). Cells treated with high oxygen expressed active caspase-3, which was inhibited by CGRP treatment ([Fig. 2C](#f2-etm-0-0-4132){ref-type="fig"}). These findings indicated that hyperoxia triggered apoptosis, which could be inhibited by CGRP.

### Analyses of the relationship between double strand breaks (DSB) and apoptosis

As DSB damage induces apoptosis, cellular senescence and pro-inflammatory cytokine production ([@b21-etm-0-0-4132]), the presence of γH2AX, a marker of DSB and the effects of CGRP were investigated in AEC II. Analysis of AEC II revealed that the hyperoxia group cells contained higher numbers of γH2AX foci and CGRP decreased numbers of γH2AX foci ([Fig. 3A](#f3-etm-0-0-4132){ref-type="fig"}). Furthermore, the mean γH2AX fluorescence measured in these cells demonstrated a dose-dependent trend following treatment with different concentrations of CGRP, indicating that DNA fragmentation was occurring during apoptosis ([Fig. 3B](#f3-etm-0-0-4132){ref-type="fig"}). These data suggest that DNA damage is directly linked to the induction of apoptosis in AEC II.

### CGRP increases the number of AEC II in S and G2/M phases

Alterations to the cell cycle often involve DNA damage and repair ([@b22-etm-0-0-4132]). For this reason, the effects of CGRP on the cell cycle of cultured AEC II were determined. AEC II treated with CGRP (10 µM), and the proportion of S and G2/M phase cells were detected by flow cytometry to judge the effects on proliferation ([Fig. 4](#f4-etm-0-0-4132){ref-type="fig"}). CGRP at a concentration of 10 µM significantly enhanced the proportion of cells in the S- and G2/M-phases, with a consequent reduction of AEC II in G0/G1 ([Fig. 4](#f4-etm-0-0-4132){ref-type="fig"}). No significant differences were observed between the levels of proliferative cells in the air control and the air + CGRP group.

Discussion
==========

The present study reported that fetal AEC II exposure to 60% oxygen for 24 h causes cellular injury by inducing apoptosis, which may be closely associated with the DNA damage repair mechanism; CGRP may reduce the apoptotic rate induced by high oxygen concentration by blocking DNA damage.

The pattern of lung injury is closely correlated with the oxygen concentration and exposure time ([@b23-etm-0-0-4132]). The model of hyperoxic lung injury, achieved with an oxygen concentration \>85%, lasted for over 2 days ([@b24-etm-0-0-4132]). Lee *et al* ([@b25-etm-0-0-4132]) isolated AEC II from the lungs of 95% oxygen-exposed animals and revealed that a sub-lethal exposure time for this cell line was 48 h, whereas 96 h of exposure was invariably lethal. Similarly, Pace *et al* ([@b26-etm-0-0-4132]) demonstrated that 80% oxygen exposure for 60 h increased lipid peroxide levels and inflammatory cells in bronchoalveolar lavage. However, most of those studies were conducted on AEC II *in vivo* or as part of a whole lung homogenate, rather than on cells isolated as a pure population ([@b5-etm-0-0-4132],[@b27-etm-0-0-4132],[@b28-etm-0-0-4132]). In the present study, purified AEC II cells were exposed to 60% oxygen for 24 h, and the detrimental effects of moderate oxygen were investigated. As 60% oxygen is more frequently used than 90% in clinical practice, 60% oxygen was used to attain a valid hyperoxic cell model in the current study.

CGRP, mainly expressed in nerve fibers and in the respiratory system, has multiple effects on cells under physiological and pathological conditions. It can serve as a pro-inflammatory factor by stimulating eosinophil migration, contracting human bronchi and effectively dilating human pulmonary vessels *in vitro* ([@b29-etm-0-0-4132]). In contrast, other previous reports demonstrated that CGRP suppresses secretion of inflammatory cytokines, such as IL-6, IL-8 and TNFα, from macrophages, suggesting its potential anti-inflammatory properties ([@b30-etm-0-0-4132],[@b31-etm-0-0-4132]). Although CGRP was associated with regulation of inflammatory cytokines, no previous study has related this to DNA damage. The present study indicated that CGRP serves a protective role on hyperoxia-induced AEC II injury by inhibition of oxidative stress and reduction of apoptosis. H2AX expression was also detected, which is a biomarker of DNA damage, particularly for DSB; this revealed increased expression of H2AX in AEC II exposed into 60% oxygen and decreased H2AX expression in the presence of CGRP, which could be reversed by addition of the CGRP receptor antagonist CGRP ~8--37~.

In addition, to investigate the relationship between CGRP and DNA damage repair, cell cycle changes were examined. It was revealed that 10 µM CGRP significantly increased the number of AEC II in S/G2, both in air and hyperoxia conditions, and that its antagonist, CGRP ~8--37~, significantly attenuated the proliferative effect of CGRP. Previous studies documented that hyperoxia exerts inhibition of cell growth ([@b32-etm-0-0-4132],[@b33-etm-0-0-4132]) which is consistent with the current findings that direct exposure of AEC II to 60% oxygen for 24 h results in an increase of cells in G0/G1 and a decrease of cells in S and G2/M phase. It is hypothesized that high oxygen induced DNA damage, leading to AEC II apoptosis, whilst CGRP reduced DNA damage, enhanced the arrest in S and G2/M phase, promoted cell repair and inhibited apoptosis.

The exact protective mechanisms of CGRP in AEC II under hyperoxia exposure have not been identified in the presently investigated context, and the correlation of CGRP and DNA damage have not been studied. In the present study, CGRP inhibited cell death and DNA damage, which may be indirectly affected by other, associated proteins, rather than direct regulation. A previous study suggested that CGRP binds to receptors expressed on the cell surface of AEC II and activates receptor-coupled G proteins, leading to an induction of intracellular cyclic AMP (cAMP) generation ([@b34-etm-0-0-4132]). The accumulated cAMP inhibits the accumulation of NF-κB complexes in the nucleus by preventing phosphorylation and degradation of IκB, an NF-κB inhibitor ([@b35-etm-0-0-4132]). A previous studies by the current authors has also demonstrated that high oxygen and CGRP affects constitutive membrane transport of protein kinase C (PKC) α, and observed that the activation of NF-κB in the nucleus. As PKCa and NF-κB appear to serve an important role in apoptosis, it is hypothesized that CGRP inhibits cell damage and apoptosis by activating NF-κB or PKCa associated pathways ([@b36-etm-0-0-4132]). However, a previous study confirmed that inhibition of NF-κB activity would trigger the protective mechanism of CGRP to confine the inflammatory response ([@b37-etm-0-0-4132]). Therefore, it is difficult to identify whether CGRP inhibited DNA damage via NF-κB, and additional studies are required to understand the mechanism behind this.

In conclusion, the present study demonstrated that exposure to 60% oxygen for 24 h predisposed AEC II to oxidative injury *in vitro*, including DNA damage and apoptosis; however, exogenous CGRP markedly attenuated hyperoxic injury and exerted a cytoprotective effect against hyperoxia insult. This suggests that upregulation of CGRP expression may represent an alternative approach for prevention from hyperoxia-induced lung injury.
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![Immunofluorescence of SP-C and ROS levels in AEC II treated with CGRP and/or 60% oxygen. (A) AEC II double-labeled with anti-SP-C antibodies/Alexa 488 anti-goat immunoglobulin G. Scale bar, 20 µm. (B) Relative ROS levels in each condition, quantified by dichlorofluorescin fluorescence-activated cell sorting of AEC II. CGRP/CGRP~8--37~ pre-treated cells were incubated with 60% oxygen for 24 h before ROS measurement (n=3). Values are reported as mean + standard deviation; P-values were determined by Student\'s t-test. \*P\<0.05 vs. relevant group. SP-C, surfactant protein-C; ROS, reactive oxygen species; CGRP, calcitonin gene-related peptide; AEC II, alveolar epithelial type II cells.](etm-13-04-1279-g00){#f1-etm-0-0-4132}

![Effects of CGRP on hyperoxia-induced apoptosis in AEC II. (A) Cells were pre-treated with CGRP (10 µM) for 4 h and exposed to 60% oxygen for 24 h, then apoptotic rate was determined by Annexin V/propidium iodide staining and analysed using flow cytometry. (B) Graphical representation of (A), reported as mean + standard deviation. P-values were determined by Student\'s t-test. \*P\<0.01 vs. relevant group. (C) Cleaved caspase-3, examined by western blot analysis. β-actin was used as a loading control CGRP, calcitonin gene-related peptide; AEC II, alveolar epithelial type II cells.](etm-13-04-1279-g01){#f2-etm-0-0-4132}

![Hyperoxia-induced γ-H2AX phosphorylation in AEC II in response to CGRP. (A) Visualization of oxidized DNA marker γH2AX by immunofluorescence in response to CGRP and/or 60% oxygen conditions. Nuclei are visualized by counterstaining with Hoescht. (B) Relative quantification of mean fluorescence per cell stained by the DNA damage response protein, γH2AX. All cells were incubated for 24 h in the indicated oxygen conditions before analysis. Values are reported as mean + standard deviation. CGRP, calcitonin gene-related peptide; AEC II, alveolar epithelial type II cells.](etm-13-04-1279-g02){#f3-etm-0-0-4132}

![CGRP effects on the cell cycle arrest induced by hyperoxia. The cell cycle distributions of AEC II treated with CGRP and/or 60% oxygen were determined after 24 h, using flow cytometric analysis. \*P\<0.05 vs. relevant group. CGRP, calcitonin gene-related peptide; AEC II, alveolar epithelial type II cells.](etm-13-04-1279-g03){#f4-etm-0-0-4132}
